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ABSTRACT: An i-CFB reactor was recently proposed for decoupled NOx 
adsorption and reduction. In this paper, the hydrodynamic of i-CFB, including gas 
bypassing and solid circulation rate, was modeled with the results compared with 
the experimental data. The reactor performances with different distributors, flat, 




As a promising de-NOx technology, hydrocarbon selective catalytic reduction 
(HC-SCR) has been widely studied since mid 1980s. To alleviate the negative 
impact of oxygen on the deNOx performance, a dual adsorption and reduction 
system has been proposed (1) in which the NOx adsorption takes place in a 
separate column, decoupled from the catalytic reduction which takes place in 
another column. A novel HC-deNOx internal circulating fluidized bed (i-CFB) 
reactor was recently proposed by Yang and Bi (1) in which NOx is adsorbed onto 
the catalyst surface in the adsorption zone, and then adsorbed NOx is reduced 
catalytically in the reduction zone, with the catalyst circulating between the 
adsorption and reduction zones to facilitate the continuous operation. 
The performance of the i-CFB reactor is expected to be impacted by the 
hydrodynamics. Several studies have reported the hydrodynamics of i-CFB 
reactors, mainly focusing on the measurement of solids circulation rates (2) and 
the development of correlations for predicting the solid circulation rate (3). These 
empirical or semi-empirical models could not be applied directly to i-CFBs with 
different configurations. In this study, gas bypassing and solid circulation rate in a 
deNOx i-CFB reactor of new configurations were studied in a cold model unit with 
different distributor configurations, and a hydrodynamics model was developed 




A plexiglass i-CFB reactor was constructed with a diameter of 0.1016 m, a draft 
tube diameter of 0.0508 m and the column height of 1.016 m. The dimensions of 
the unit were given in (4). Gas was fed to both the draft tube and annulus at 
different velocities and the bed material circulates between the draft tube and 
annulus. Three types of distributors, flat, cylindrical and conical plates, as shown in 
Fig.1, were tested for the gas bypassing and solid circulation. The gap distances 
for both the flat and cylindrical distributors, HG1, are set to be 10 mm. Two different 
gap distances, HG=10 mm and HG=15 mm, were tested for the conical distributor. 
 
(a)                              (b)                      (c) 
Fig.1 Distributors for the annulus gas flow. (a): flat; (b): cylindrical; (c): conical 
 
Building air was used as the fluidizing gas. Millet was used as bed material in 
the test, with the properties shown in Table 1. Two parameters were measured in 
the experiment, which are gas bypass and solid circulation rate. The gas bypass 
between the draft tube and the annulus was evaluated by CO2 tracer method. The 
solids circulation rate of millet was measured using the visual observation method. 
The details of the measurement were given in (4).  
Table 1 Particle properties 












Millet  837 1.10 0.21 1.28 5.27 
Note: *a: calculated by correlation from (5) 
 
HYDRODYNAMIC MODEL OF i-CFB 
 
Mass and pressure balance equations 
In an i-CFB, the internal circulation of solids is achieved by the pressure 
difference between the draft tube and the annulus operating at different superficial 
gas velocities. Solids mass balance and pressure balance equations are: 
    dddsaaasdaloading HAHAMMM   11      (1) 
   ddsdaasa AUAU   11           (2) 
orda PPP               (3)
 
In a fluidized state, the pressure drop could be expressed by Eqs.4 and 5, 
which consist of the pressure drops due to gravity, solid acceleration, fluid-wall 
friction and particle-wall friction. 
    pwtubedraftgwtubedraftappapaaeffectivea FHFHugHP  
2
,, 15.01    (4) 
    pwtubedraftgwtubedraftdppdpddeffectived FHFHugHP  
2
,, 15.01    (5) 
where Heffective,a and Heffective,d are the effective bed heights in the annulus and draft 
tube, respectively. Konno and Saito’s equation (6) was used to calculate the 
solid-wall friction and Grbavcic’s correlation (7) was used for the gas-wall friction. 
Cai’s equation (8), which shows good agreement with our experimental bed 
expansion data, was used to estimate the bed expansion in both the annulus and 

















          (6) 
where Hf is the expanded bed height and Hmf is the bed height at minimum 
fluidization. 
 
Effective bed height 
 
To obtain the effective bed height for Eqs.4 and 5, the flow in the i-CFB was 
categorized into four different operating modes as shown in Fig.2.  
(a): If there is no sufficient bed solid loading or the difference between the gas 
velocities of annulus and draft tube is too small, solids are not circulated and this 
flow pattern should be avoided for the operation of i-CFB.  
(b): When the solids bed loading or the gas velocity difference in the two zones is 
increased, the draft tube could be filled up with dilute suspended solids and the 
solids could start to circulate to the annulus region. In this mode, effective bed 
height in the draft tube is the same as the draft tube height, and the effective 
annulus bed height could be calculated from total mass balance.  
(c): If the bed loading or gas velocity is further increased, the annulus bed height 
calculated from mass balance could exceed the height of the draft tube and flow 
pattern (c) is established. In this case, the effective annulus bed height can still be 
calculated by mass balance and the effective draft tube bed height is equal to the 
effective annulus bed height.  
(d): When the bed loading or gas velocity is further higher, the bed of the annulus 
dense bed becomes too high and the dilute jet on top of the draft tube becomes 
unstable or can no longer penetrate through. The effective draft tube bed height, 
Heffective,d, is the sum of draft tube length and jet height, and the effective annulus 
bed height equals Heffective,d.  
(a) (b) (c) (d)
 
Fig.2 Illustration of four i-CFB flow modes and the effective bed height. 
 




Due to the pressure difference between the draft tube and annulus and the 
flow of particles from the annulus into the draft tube at the bottom region, gas can 
be carried from one region to the other by particles, causing gas bypass and 
altering the actual gas flow in each region. The amount of gas partitioning into the 
annulus and draft tube from their inlets could affect the flow rate of both zones and 
further affect the solid circulation rate. Furthermore, in the i-CFB reactor, the 
bypass of gas could change the oxygen concentrations in the catalytic reduction 
zone, affecting the reaction performance.  
Table 2 Gas bypass correlations for different distributors 






























































































































































































































































The gas bypass ratio, both from the annular region to the draft tube (RAD) and 
from draft tube to annular region (RDA), was measured at different gas velocities for 
the i-CFB with different distributor configurations (4). The data are then correlated 
as a function of the draft tube gas velocity, Ud, and annulus gas velocity, Ua, with 
the results shown in Table 2. Those correlations will be coupled into the 
hydrodynamics model to predict the solid circulation rate. 
 
Solid circulation rate 
 
The solid circulation rate was measured for different reactor configurations 
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Fig.3 Solid circulation rates at different inlet velocities for different configurations: 
(a): flat distributor; (b): cylindrical distributor; (c): conical distributor, HG=10 mm; (d): 
conical distributor, HG=15 mm. (symbols: experimental data (4); lines: model fitted) 
 
Based on the gas bypassing correlations, the real gas velocities in the annulus 
and draft tube could be calculated. The voidage in both zones could then be 
obtained, followed by the calculation of pressure drop over each zone using Eqs.4 
and 5, respectively. The pressure drop across the orifice could be obtained from 
the overall pressure balance (Eq.3).  
It has been reported that the pressure drop for gas-solids two-phase flow 
across the orifice could be generally expressed as Eq.7, as derived from 
Bernoulli’s equation for single phase flow (2, 9). This equation showed good 
agreement with the experimental values in Kim’s group for i-CFBs (2, 3), with CD 
ranging from 0.3-0.4. 
   5.02/ oraaorDS PAACG                 (7) 
In this study, the annulus of the i-CFB operates as a moving bed at low values 
of Ua. Thus voidage in the annulus is quite close to the voidage at minimum 
fluidization. According to Eq.7, Gs is linearly proportional to (ΔPor)
0.5, since all the 
other parameters are more or less remain as constants. Values of Gs and (ΔPor)
0.5 
plotted in Fig.4show that the performances of different distributors differ 
significantly. The cylindrical distributor shows the best fitting with Eq.7. However, 
no linear relationship with (ΔPor)
0.5 was observed for Gs values of i-CFB with a flat 
distributor. Even for the same type of conical distributor, Gs values from HG=15 mm 
shows better fitting with Eq.7 than the values from HG=10 mm. Overall, it is unlikely 
that a single CD value could be fitted to the experimental data for each distributor. 































































































Fig.4 Plot of (ΔPor)
0.5 as a function of Gs for different configurations: (a): flat 
distributor; (b): cylindrical distributor; (c): conical distributor, HG=10 mm; (d): 
conical distributor, HG=15 mm; 
 
To further explore the characteristics of CD, CD values fitted from each data 
point were plotted in Fig.5 as a function of Reynolds numbers based on particle 
velocity through the orifice, with the definition given in Eq.8. It is observed that all 
the CD values increase almost linearly with Rep for all the configurations, with the 






               
(8)
 
Flat distributor:      93.00168.0Re0245.0
2  RC pD
       
(9) 
Cylindrical distributor:    92.00879.0Re0113.0
2  RC pD
    
      (10) 
Conical distributor, HG=10 mm:  82.00844.0Re0405.0
2  RC pD
      
(11) 
Conical distributor, HG=15 mm:  63.01276.0Re0261.0
2  RC pD
      
(12) 







 Conical HG=10 mm





Fig.5 CD as a function of Rep for different configurations. 
 
The simulated results using the fitted CD values in Eqs. 9-12 are also plotted in 
Fig.3. This model will be used for the modeling and simulation of the reactor 







Hydrodynamics in an i-CFB with different distributor configurations, flat, 
cylindrical and conical, was studied. A hydrodynamic model was developed based 
on the pressure/momentum balance and mass balance. Gas bypass was also 
considered in the model. Particle discharge coefficients of the orifice of different 
distributors were obtained by fitting with the experimental data. The model showed 







A Cross sectional area, m2 ε Voidage 
CD Drag force coefficient ρ Density, kg/m
3 
d Diameter, m μ Viscosity, Pa.s 
F Frictional force, Pa/m Subscript   
Gs Solid circulation rate, 
kg/m2.s 
a Annulus 
H Bed height, m d Draft tube 
M Mass of solids, kg AD Annulus to draft tube 
ΔP Pressure drop, Pa DA Draft tube to annulus 
R Gas bypass ratio, % p Particle 
Re Reynolds number  g Gas 
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